il

TRANSPORT OF SEDIMENT MIXTURES
W WITH
LARGE RANGES OF GRAIN SIZES

By

7 A Eimaloin and Wing Chion

JUNE 1953
SECOND PRINTING OCT. 1972

UNIVERSITY OF CALIFORNIA
INSTITUTE OF ENGINEERING RESEARCH

Berkeley, California
in cooperation
with
THE MISSOURI RIVER DIVISION
CORPS OF ENGINEERS

U S ARMY
MRD Sediment Series No. 2



TRANSPORT OF SEDIMENT MIXTURES WITH
LARGE RANGES OF GRAIN SIZES

by

H, A. EINSTEIN & NING CHIEN

June 1953

UNIVERSITY OF CALIFORNIA
INSTITUTE OF ENGINEERING RESEARCH
BERKELEY, CALIFORNIA

in cooperation
with

THE MISSOURI RIVER DIVISION
CORPS OF ENGINEERS
U. S. ARMY

MRD Sediment Series

No, 2



CORPS OF EXGIXERERS SEDIMEXT STUDTES PROGRAM
FOR WISSOURI RIVER BASIX

KISSOURT RIVER DINISION

FORT ?ﬁ‘.\( DISTRICT QMARA DISTRICT
GARRISON DISTRICT KANSAS CITY DISTRICT

The Corps of Engineers Missowri River Basin sediment studies progrom
wos established for the development of procticol sediment engineering for
rational evoluwobion, regulotion, and wiilizabion of {Lwolol sediment phenom—
ena. 1L wos ‘implemented os o compreneneive, bosin—wide profgram for coordi~
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TRANSPORT OF SEDIMENT MIXTURES WITH
IARGE RANGES OF GRAIN SIZES

by
H. A. Einstein & Ning Chien
Introduction
The movement of sediment along the bed of alluvial rivers has long
been one of the most perplexing and challenging problems confronting the

hydraulic engineer., In the past few decades, because of the rapid expan-

sion of activity in both engineering and geology, the importance of this

problem has been gravely felt and great stimulus has been given to the
search for a general solution. Siace the classic experiment of Gilbert in
1914, numerous laboratory studies of sediment transportation have been con-
ducted throughout the United States and the continent of Europe. Many
sediment transportation formulas have been derived from these studies,

An examination of these studies reveals that in most of the‘casas
uniform particles are used in conducting the experimehts. The formulas
thus derived can be directly applied only to sediment of uniform size, al-
though some authors have proposed to extend their application to thq case
of mixtures by use of a summation process. This process yirtuallf neg-
lects the interaction between particles of different sizes in the mixture,
and its applicability is rather doubtful. In a few of the cases where non-
uniform materials are employed in the experiméhis, the effects of mixture

(1)=

are all included in one single factor. Kramer called this factor

"uniformity modulus" which is more or less an indication of the average

(2)

size spread in a mixture. Trask proposed to measurelthis size spread

in a mixture by a sorting coefficient of the following form:

S, = sorting coefficient = (Dps/Dys)Y/2- (1)

# Numerals in subscripts refer to corresponding items in Reference.
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where D, and D,y are the sieve sizes of the grains of which 25% and 75%
by weight are finer respe¢tively. For uniform material this coefficient
is unity. Again it is not only questionable that such a complicated'sys—
tem as the mutual interference between bed particles of different sizes
can be well defined by one factor alona, but this factor also fails to
describe how this mutual interference takes place,

In 1950 a complete theory was presented(Z) which will permit the
calculation of the equilibrium rate at which various discharges will
tranéport the different grain sizes of the bec material in a given chan-
nel. It was first concluded on the basis of gpecial experiments that a
given particle size moves in a series of steps of a constant average
length, and that it is periodically deposited in the bed after perform-
ing such a step. The number of particles deposited per unit time in the
unit of bed area may be expressed in terms of the rate of transport and
the size and weight of the particle. The rate at which sediment particles
of a certain size are eroded from the bed is proportional to the number of
particles in the surface of the bed area and to the probability that such
a particle in the bed surface is eroded during the unit time., This proba-
bility may be expressed also as the probability that the ratio of dynamic
lift on the particle to the weight of the particle under water will be
larger than unity. The equilibrium rate of bed material transportation is
then obtained by equating the number of particles deposited on and eroded
from the unit bed area per unit time; and this leads to the final bed load

equation as follows:

e- dT - __A*@* (2)
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in which 'r[o s Ax , and By are universal constants, The equation is
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represented graphically by a singie curve between the flow intensity Y,

and the intensity of bed load transport (% , in which
. Lo l l
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where ]B = fraction of bed load in a given grain size

ib = fraction of bed material in a given grain size

q‘B = bed load rate in weight per unit of time and width
Ve f A, 9 = density of the fluid and solids respectively

D = grain size

.R' = hydraulic radius with respect to the grain

S, = energy gradient

A = the apparent roughness diameter

X = characteristic grain size of mixture

Y = pressure correction in transition smooth-rough

f_ = "hiding factor" of grains in a mixture

The equations 2 to 4 are derived from experiments with uniform sedi-
ment. They have such a form that they can equally well be applied to the
individual grain sizes of mixtures. The correction factors E' and Y are
introduced only for non-uniform materials; their significance requires
further explanation.

The factor, Y, is used to describe the change of the lift coefficient
in a mixture, and is a function of K,/ & (or, of the Reynolds number of
the flow at the hed surface). The length Kg is the roughness diameter and

& is the thickness of laminar sublayer.
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The factor, X, is defined as the largest particle ﬁize that will be
subjected to the shielding effect by protruding coarser particles or by
$ie Lintnir: sublivhs . The J10% o the ‘oartlsles D < X) mist be Gorslbted
by division with a parameter i which is itself a function of D/X. The
parameter, i , remains unity for D/X greater than one; after a short
transition the curve i = i (D/X) follows a straight line with a slope
of 2 in a logarithmic graph. The value X was empirically found to be equal
to 0.77 A for aroughbed ( A/&§ > 1.8) and 1.396 for a smooth
bed (A /6 < 1.8). It is important to point out that the value X
thus defined is over all average value for the given bed and flow, while
Eq. 2 to 4 apply to individual grain sizes of the bed mixture. In detail,
the largest particle size that will be subjected to the shielding effect
actually varies from locality to locality on the bed. This is because a
particle which is hidden behind a protruding large particle at the bed
surface might lose this shielding effect if it happens to fall in another
place where the surrounding particles are of smaller size. The same is
true even for a smooth bed over which a laminar sublayer exists. There
may still be a few coarse grains projecting above this sublayer and creat-
ing more protected zones behind them. The effective value of X in these
regions is them larger than that in the rest of the bed.

The correction factor, E » is actually introduced to account for
the consequence of the mutual interterence between bed particles of dif-
ferent sizes, i.e., particles of a ¢ertain size in a mixture are not sub-
Jected to the same flow velocities ;a.s they are in the case where the
entire bed is composed of material of its own size.

The original i curve is based on the results of a special set of
20 experiments conducted during the years 1944-46b at the California In-
stitute of Technology by the senior author. Six sand mixtures were used
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with sorting coefficients varying from 0.74 to 0.88, with the excepticr

of one which had a coefficient of 0.60. The small spread of the particle
sizes in these mixtures makes the bed material move more or less as a unit.
The segregation of the bed material is not a serious concern, which jus-
tifies the use of the original material as the bed material.

The question arises as to what will happen if the bed material and
the transport include a wide range of sizes. Presumably the different
intensities of motion of various particle sizes will result in some kind
of segregation and rearrangement «f bed surface. One of the fundamental
assumptions used in deriving the bed load equation, namely, that particles
are equally available at the surface and in the main body of the bed, may
then no longer be wvalid. This in itself is a very important feature and
calls for detailed study. With this in mind, the writers conducted a

series of new experiments with well-graded materials at the University of
California in 1950-51. The results of this study are presented in this
paper.

During the course of these experiments, various methods of approach
have been employed. In most of the runs, the particles moved over a bed
which consisted of the particles despoited at the same flow. In a few of
the runs, the conventional method of flume study was adopted, where the
moving particles were eroded bed particles. The two methods of approach
permit the experimental determination of a minimum and of a maximum equi-
librium rate of bed load movement. Comparison of the results from these
two methods of approach appears to be of basic interest, If these two
mefhods give different results, the actual rate of sediment transport may
assume any value between them without change of the bed, and may depend to
some degree on the availability of the sediment from the watershed upstream.
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The difference between the load and the minimum equilibrium rate actually
represents what has been called wash load. These experiments thus pro-
vide an opportunity to have an insight into the concept of wash load.
Questions like: "What is the basic difference between bed material load
and wash load? Why does the bed material load develop a relationship be-
tween rate of transport and flow, whiie the rate of transport of wash load
is a function only of its availability from the upstream watershed?" must
find their respective answers in the results of this study.

Furthermore it will be seen that well-graded material has a tendency
to deposit at high rates in the form of alternate coarse and fine layers.
A review of the literature indicates that this is the first time that bed
stratification is reported to be formed under constant flow conditions.
This should prove very significant to geologists, who are interested in
the history of river deposits.

It was also founé that the rate of sediment motion, including both the
bed material load and wash load, can be estimated for an aggrading river
by applying the bed load function and a certain set of E curves if the
bed composition and the flow at the time of deposition are known. The re-
sults thus obtained can be used to check the data of reservoir surveys
which are carried out rather extensively at the present by the field

engineers,



